Abstract-A compact Ku-band bandpass filter (BPF) with wide passband, compact size and high selectively is presented. The presented BPF is composed of two quarter-wavelength resonators and a dual-mode resonator, resulting in a compact circuit size. The transmission zeros (TZs) located at the lower and upper stopband are achieved by the mixed electromagnetic (EM) coupling and dual-mode resonator, respectively, resulting in a high frequency selectively. The measured results show minimum in-band insertion loss, fractional bandwidth and variation of group delay to be 0.9 dB, 36.2% and 0.12 ns, respectively. Also, the stopband suppression is greater than 28 dB from 5 to 10.3 GHz and 30 dB from 19.5 to 29.5 GHz. The effective circuit size of the filter is 8.43 × 2.28 mm 2 (0.63λ g × 0.17λ g , where λ g is the guide wavelength of 15.1 GHz).
INTRODUCTION
With the rapidly development of wideband wireless communication, microwave wideband filters, as one of the most important passive components in high-speed wireless communication systems, are used to reduce the signal crosstalk between adjacent channels and for the suppression of clutter in the highly selective stopbands.
In recent work, structure loaded resonators (SLRs) and stepped impedance resonators (SIRs) in microstrip have been used extensively in wideband filters [1] [2] [3] [4] . This is true because the resonators have desirable multimode resonance characteristics, realized by exciting different resonant modes in a composite resonator, and the mixed EM coupling induces TZs in the stopband through separate electric and magnetic coupling paths [5] [6] [7] [8] . Compared to cross-coupling and source-load coupling, mixed EM coupling structures are simpler, and the induced TZs are controllable, thus they are now being studied extensively. In [9] [10] [11] , a dual-mode resonator and mixed electric and magnetic coupling structure are used together to design filters with small size and good selectivity, but their operation passbands are in the radio frequency. In addition, the composite right/left-handed transmission lines are also used to design wideband or harmonic suppressed devices [12] [13] [14] [15] , but the circuits are complicated, and most of them have large size.
In this work, a compact Ku-band BPF is described, and it combines hybrid resonator and mixed EM coupling to improve frequency selectivity. The mixed EM coupling with separate coupling paths is used between the quarter-wavelength resonator and dual-mode resonator, in which a coupling gap and a high-impedance transmission line are used to realize the electric and magnetic couplings, respectively. The dual-mode resonator achieves a TZ at the upper stopband, and the mixed EM coupling introduces two TZs at the lower stopband. The results show that this filter exhibits exceptional good frequency selectivity due to the generation of TZs in the stopband. Also, the filter has compact size, wideband, low insertion loss and linear response. Figure 1 shows the configuration of proposed BPF, which consists of hybrid resonator and mixed EM coupling. Fig. 2 shows the dual-mode resonator, it mainly consists of a half-wavelength resonator and a stepped impedance stub. Fig. 2(a) shows the basic structure of the dual-mode resonator, where L 1 and Y 1 are the length and characteristic admittance of the half-wavelength transmission line; L 2 and Y 2 are the length and characteristic admittance of the high impedance sections of the stepped impedance stub; L 3 and Y 3 are the length and characteristic admittance of the low impedance sections of the stepped impedance stub. Obviously, the dual-mode resonator is symmetric, so it can be characterized by oddand even-mode theory, and the equivalent circuit mode is shown in Fig. 2(b) . The final dimensions of the parameters are given by 3D electromagnetic simulator, and the dimensions in Fig. 1 When the dual-mode resonator is excited by odd-mode, the voltage in symmetrical plane is zero, so the symmetrical plane can be seen as ideal electric wall and equivalent to virtual short-circuited end. Therefore, the odd-mode equivalent circuit can be given as in Fig. 2(c) , and the input admittance Y in odd is calculated as
FILTER DESIGN

Resonator Analysis
where θ 1 = βL 1 is the electrical length of the half-wavelength microstrip line. According to the resonance condition of Im{Y in odd = 0}, the odd-mode resonance frequency f o can be obtained as
where c is the propagation velocity of light in vacuum, and ε ef f is the effective dielectric constant. From Equation (2), we know that the stepped impedance stub has no influence on the odd-mode resonance frequency, which is only related with the length of the half-wavelength microstrip line. When the dual-mode resonator is excited by even-mode, there is no current in the symmetry plane, thus the symmetry plane can be seen as ideal magnetic wall and equivalent to virtual open-circuited end. The even-mode equivalent circuit is shown in Fig. 2(d) . To simplify the analysis, Y 1 = Y 2 /2 is assumed, so the input admittance Y ineven can be calculated as
where θ 2 = βL 2 , θ 3 = βL 3 are the electrical length of the high and low impedance sections of the stepped impedance stub. By enforcing Im{Y ineven = 0}, the even-mode resonance frequency can be derived as
From Equation (5) we know that when the substrate and the ratio of Y 2 /Y 1 are given, the even-mode resonance frequency is not only decided by the length of the half-wavelength microstrip line (L1/2+L2), but also decided by the length of stepped impedance stub L3. When the lengths of L1 and L2 are decided, f e is only decided by L3, the longer the L3, the lower the f e . Figure 3 shows how the transmission poles (TPs) vary with different parameters. It is known that f p2 and f p3 decrease as L5 increases, because the longer the quarter-wavelength is, the lower the resonance frequency is. Further, the f p4 decreases as L3 increases, and f p1 has no change as L3 increases. According to the analysis of Equations (1)- (5), f p1 and f p4 are odd-mode and even-mode resonant frequency, respectively. Thus, from the above analysis, there are four TPs in the passband. f p1 and f p4 are introduced by the dual-mode resonator, while f p2 and f p3 are introduced by the two quarter-wavelength resonators. 
Transmission Zeros Analysis
According to admittance function of the odd-and even-modes, the transfer function of the dual-mode structure can be given as
By setting S21 = 0, the transmission zero introduced by the dual-mode structure can be calculated as
It can be seen from Equation (8) that when L 2 is decided, TZ f m is decided by the length of stepped impedance stub L 3 , the more the length, the lower the transmission zero. Figure 4 shows the variation of TZs versus different parameters. As shown in Fig. 4(a) , the TZ in upper stopband range moves to the left when the values of L3 increase, which confirms the result in Equation (8) . Fig. 4(b) shows that TZs in down stopband range shifts to right as dm increases, as a result of the Mc increases with dm. The topology of the mixed coupling structure in the fourth-order filter is shown in Fig. 5 . It shows that there are two separate coupling paths between resonators 1 and 2, as well as resonators 3 and 4. One of the coupling paths is electrical coupling, which is realized by the gap (s1) of the parallel coupling lines. Another coupling path is magnetic coupling, which is realized by a high-impedance line that connects the two resonators (1 and 2 or 3 and 4) and acts as a coupling inductance. From [16] , the TZs induced by mixed electric and magnetic couplings can be controlled by choosing different electrical and magnetic couplings. TZ is located at the lower frequency when the magnetic coupling is dominant and located at the higher frequency when the electric coupling is dominant. Thus, by increasing the magnetic coupling between resonators 1 and 2, a TZ is induced in the lower stopband.
Meanwhile, it also induces a TZ in the lower stopband when the magnetic coupling between resonators 3 and 4 is dominant. Fig. 3(b) shows that the TZs in the lower stopband shift to the left with decreasing dm, i.e., the TZs induced by mixed electric and magnetic couplings move to the lower frequency with increasing magnetic coupling. Figure 6 shows the frequency responses of proposed structure with and without the high-impedance lines. It can be seen that when the high-impedance lines are added, two TZs (TZ1 and TZ2) are introduced. This is because the high-impedance lines introducing magnetic coupling paths between resonators 1 and 2 and resonators 3 and 4, respectively, as shown in Fig. 4 . The magnetic coupling combined with electric coupling leads to TZ1 and TZ2. TZ3 is introduced by the dual-mode resonator, as the analysis of Equations (6)- (8) .
It is known that the coupling between resonators 1 and 2, as well as between resonators 3 and 4, is mixed EM coupling. The magnetic coupling Mc is realized by the high-impedance lines, and the electric coupling Ec is realized by the gap of the parallel coupled lines. The mixed coupling coefficient McEc) . The TZ1 and TZ2 are located at the lower stopband because the Ec is stronger than Mc. The TZs introduced by mixed EM coupling is determined by f m = f r M C /E C . 
EXPERIMENTAL RESULTS
The proposed filter is designed and fabricated on a Rogers RT/duroid 5880 substrate with a thickness of 0.254 mm, and its relative dielectric constant and loss tangent are 2.2 and 0.0009, respectively. Fig. 7 shows a photograph of the fabricated BPF, which has an effective size of 0.63 × 0.17λ g (λ g is the guide wavelength at the central frequency). Figure 8 shows the measured S-parameters, and the simulated results are also given for comparison. The measured 3 dB bandwidth is 5.47 GHz (FBW = 36.2%), and the measured insertion losses at central frequency is 0.9 dB. The return loss is better than 15 dB. The measured rejection from DC to 10.3 GHz is greater than 28 dB due to the two transmission zeros located at 6.8 GHz and 8.9 GHz, and the rejection from 19.5 GHz to 29.5 GHz is greater than 30 dB due to the transmission zero located at 19.9 GHz. The simulated and measured group delays are shown in Fig. 9(a) . The figure shows that the measured group delay is varied from 0.32 ns to 0.44 ns over the whole passband range, which is small enough for high linearity system applications. As shown in Fig. 8 and Fig. 9(a) , the measured results shift to the low frequency compared with the simulated ones. It is mainly caused by the inevitable error in fabrication and variation of relative dielectric constant. Fig. 9(b) shows that the group delay changes as the relative dielectric constant is varied, which also moves the resonance frequencies.
In the process of fabricating high frequency PCBs, the substrates are easily deformed because they are thin and soft, which changes the size of resonator and coupling structure, and consequently, the resonance frequencies and bandwidth are changed. In addition, the dielectric constant of Rogers RT/duroid 5880 is 2.2 at 10 GHz, but it is changed when working at 15 GHz, which also affects the strength of coupling and resonance frequencies.
The comparison with some reported similar BPFs is presented in Table 1 [13] [14] [15] [16] [17] [18] . It shows that the proposed filter achieves wider bandwidth except the design in [18] , lower insertion loss except the design in [14] , lower group delay variation in the passband range, smaller size and better frequency selectivity.
CONCLUSIONS
A novel Ku-band BPF using mixed electric and magnetic couplings and hybrid resonator is designed, fabricated and tested. A dual-mode resonator and quarter-wavelength resonator are used in the design, resulting in a compact size. The mixed electric and magnetic coupling is used between the dual-mode resonator and quarter-wavelength resonator, resulting in two transmission zeros located in the lower stopband. In addition, the dual-mode also induces a transmission zero in the upper stopband. The proposed filter has the advantages: wide bandwidth, compact size, easy fabrication, good selectivity and low insertion loss, all of which are desirable for high-speed wireless communication and high-precision imaging applications.
